Transient increases of Ca2+ concentration in the nucleus regulate gene expression and other nuclear processes. We investigated whether nuclear Ca2+ signals could be regulated independently of the cytoplasm or were controlled by cytoplasmic Ca2+ signals. A fluorescent Ca2+ indicator that is targeted to the nucleus was synthesized by coupling a nuclear localization peptide to Calcium Green dextran, a 70-kDa Ca2+ indicator. Stimulation of rat basophilic leukemia cells by antigen or by photolytic uncaging of inositol 1,4,5-trisphosphate induced transient increases in nuclear and cytosolic Ca2+ concentrations. Elevations in the nuclear Ca2+ concentration followed those in the nearby perinuclear cytosol within 200 ms. Heparin-dextran, an inhibitor of the inositol 1,4,5-trisphosphate receptor that is excluded from the nucleus, was synthesized to specifically block the release of Ca2+ from cytosolic stores. Addition of this inhibitor suppressed Ca2+ transients in the nucleus and the cytosol. We condude that the Ca2+ level in the nucleus is not independently controlled. Rather, nuclear Ca2+ increases follow cytosolic Ca2+ increases with a short delay most likely due to Ca2+ diffusion from the cytosol through the nuclear pores.
Ca2+ signaling is not yet known, but an inositol phospholipid signaling system has been identified in the inner membrane of the nuclear envelope (6, 7) , and inositol 1,4,5-trisphosphate (IP3)-gated Ca2+ release from isolated nuclei has been observed (8, 9) . Nuclear Ca2+ concentrations have been reported to be higher than cytosolic ones in sympathetic neurons (10, 11) , rat basophilic leukemia cells (RBL cells) (12) , and other cells (13, 14) or to be lower in smooth muscle (15) and some neuronal cells (16) . These findings suggested that nuclear and cytosolic Ca2+ signals are regulated by different mechanisms and can be independent of each other.
In this study, we determined whether nuclear and cytosolic Ca2+ signals were independent or coupled. To investigate cytosolic Ca2+ signals, we used Calcium Green covalently linked to dextran with a molecular mass of 70 kDa. A fluorescent Ca2+ indicator that is targeted to the nucleus was synthesized by addition of a nuclear localization sequence to Calcium Green dextran, termed NuCa-Green. These large molecular size indicators prevent sequestration of the dye into internal organelles and minimize facilitated Ca2+ diffusion (17) (18) (19) . Measurements with these indicators showed that elevations in the nuclear calcium concentration followed those in the nearby cytosol within 200 ms. To determine how nuclear and cytosolic Ca2+ signals are coupled, we synthesized an inhibitor of the IP3 receptor that was excluded from the nucleus. This inhibitor suppressed Ca2+ transients in the nucleus and the cytosol. We conclude that the source of nuclear Ca2+ signals is cytosolic Ca2+ stores and that the nuclear Ca2+ concentration is tightly coupled to the cytosolic one by the rapid diffusion of Ca2+ from the cytosol into the nucleus.
MATERIALS AND METHODS
Preparation of Calcium Green Dextran. Calcium Green dextran (Molecular Probes) had an average dextran molecular mass of 70 kDa and five molecules of Calcium Green per dextran molecule (20) . For all experiments, Calcium Green dextran was enriched for large molecular size dextran by ultrafiltration through a membrane with a 100-kDa molecular mass cutoff (Centricon-100; Amicon).
Synthesis and Properties of NuCa-Green. Calcium Green on 70-kDa dextran bearing free amino groups was solubilized at 0.8 mg/ml in 50% (vol/vol) dimethyl sulfoxide/50% (vol/vol) 100 mM Hepes, pH 7. The Calcium Green dextran was reacted with iodoacetic acid N-hydroxysuccinimide ester (0.5 mg/ml) and then the nuclear localization sequence peptide CGYGVSRKRPRPG from the polyoma large tumor antigen (165 mg/ml) was added, as described (21) . The NuCa-Green was enriched for large molecular size dextran by ultrafiltration through a membrane with a 100-kDa molecular mass cutoff (Centricon-100; Amicon).
The Kd ofNuCa-Green for Ca2+ was measured using 60 nM NuCa-Green in 100 mM KCI/20 mM Hepes, pH 7.4/50 mM sucrose at 22°C. Portions of this indicator solution received either 10 mM EGTA/10 mM EGTA/10 mM Ca2+ or 100 ,uM Ca2+. An equal volume of these solutions was added to the indicator solution so that the indicator concentration remained constant. The stock 500 mM EGTA/500 mM Ca2+ solution was prepared from CaCO3 as described by Tsien and Pozzan (22) . Solutions with different free Ca2+ concentrations were produced by mixing the indicator solution with 10 mM EGTA and the indicator solution with 10 mM EGTA/10 mM Ca2+. Simultaneously, identical solutions with 2 ,uM fluo-3 or 2 AM Calcium Green dextran instead of NuCaGreen were also prepared. The fluorescence of the fluo-3 solutions was used to determine the free Ca2+ concentration of the buffered Ca2+ solutions by using the equation: [Ca2+] = Kd(F -Fmin)/(Fmax -F), where the Kd of fluo-3 is 316 nM (20) . The minimal fluorescence (Fmin) of the indicator was determined from the solutions with 10 mM EGTA, and the maximal fluorescence (Fmax) was determined from the solutions with 100 ,LM Ca2+. To was measured as a control and was 340 nM. This is similar to the reported value of 360 nM (20) .
Synthesis of Heparin-Dextran. Heparin-dextran with a molecular mass greater than 70 kDa was synthesized by two techniques: (i) Heparin (10 mg/ml) from porcine intestinal mucosa (molecular mass of 13-15 kDa; Calbiochem) was labeled with fluorescein isothiocyanate (10 mg/ml), tetramethylrhodamine isothiocyanate, or an equivalent conccntration of dimethyl sulfoxide (20%), as described (23) . After addition of glycine (15 mg/ml), the sampie was dialyzed (molecular mass cut off, 35 kDa) against 1 liter of water for 20 h at 40C with eight changes of the dialysis solution. The heparin was dried, resuspended at 50 mg/ml, and reacted with amino-dextran (>75 kDa; 20 mg/ml)/20 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/5 mM N-hydroxysulfosuccinimide, as described (24) . Glycine (100 mM) was then added and the reaction mixture was separated on a Sephadex G-75 column. The flow through [determined by Blue dextran (molecular mass = 2000 kDa)] was collected and concentrated by ultrafiltration through a membrane with a 30-kDa molecular mass cutoff (Centriprep-30; Amicon) and then through a membrane with a 100-kDa molecular mass cutoff (Microcon-100; Amicon). The sample was diluted with 5 vol of 130 mM KCl/10 mM KH2PO4, pH 7.4 (buffer A), concentrated by ultrafiltration through a membrane with a 100-kDa molecular mass cutoff (Microcon-100; Amicon), then diluted with 10 vol of buffer A, and again concentrated with a Microcon-100. The concentration of heparin was measured with toluidine blue (25) . (ii) Heparin (67 mg/ml) was activated with cyanogen bromide (13 mg/ml) as described (26) and then separated with a Sephadex G-10 column. Amino-dextran (10 mg/ml) and the derivatized heparin (25 mg/ml) were allowed to react for 15 h. Components of this reaction mixture that were eluted with the void volume on a Sephadex G-75 column were collected and concentrated by ultrafiltration through a membrane with a 10-kDa molecular mass cutoff (Centricon-10; Amicon). This separation and concentration process was repeated, and the concentration of heparin was measured with toluidine blue (25) . A portion ofthis heparin-dextran was fluorescently labeled with an excess of fluorescein isothiocyanate (1000 times the molar concentration of dextran) by incubation at 37°C for 12 h.
Cells. RBL cells (type 2H3) (27) , a mast cell tumor line, were incubated with IgE antibody to dinitrophenyl (DNP, 50 ,ug/ml) at 37°C for 1 h or more, washed five times with 135 mM NaCl/5 mM KCl/10 mM Hepes, pH 7.4/2 mM MgCl2/2 mM CaCl2/10 mM glucose, and then microinjected with the indicators. After 15 min or more at 37°C, the cells were activated by addition of the antigen bovine serum albumin-DNP (BSA-DNP; 5-500 ng/ml).
Measurement of Cellular Fluorescence. To measure changes in the Ca2+ concentration in cells, the Ca2+ indicators were excited at 488 nm and the fluorescence emission was recorded nonconfocally between 515 and 550 nm on a Nikon inverted microscope with a Noran imaging system. The cytoplasmic fluorescent intensity was always measured 1 ,um or more from the nucleus.
Microijection of Cells. All microinjected probes were dissolved in 130 mM KCl/10 mM KH2PO4, pH 7.4, and all injections were made into the cytoplasm of the RBL cells. The concentration of Calcium Green dextran and NuCaGreen in the microinjection pipette was 10-50 mg/ml. When these two indicators were microinjected together, the NuCaGreen concentration was -1.5 times greater than the Calcium Green concentration. The brighter fluorescent nuclear signal minimized the contribution of the overlying cytoplasm to the nuclear signal and permitted discrimination of the nuclear area from the cytoplasmic region at all times during measurements.
The concentration of D-myo-inositol 1,4,5-trisphosphate
the microinjection pipette was 0.14 mg/ml. The pipette heparin concentration in the microinjected heparin-dextran was 17.1 mg/ml.
Measurement of the Concentration and Calibration of the
Indicators in Cells. To measure the approximate concentration of the Ca2+ indicators in cells, the fluorescence intensity of the cells microinjected with the indicators was measured confocally and compared to confocal measurements of the fluorescence intensity of Ca2+-saturated Calcium Green dextran placed between two coverslips. The Ca2+ concentration in the unstimulated cells was assumed to be =100 nM (12, 28) . Thus for NuCa-Green (Kd 100 nM), 50% of the indicator was assumed to be bound to Ca2+ in unstimulated cells. Uncaging of IP3 in Cells. To rapidly change IP3 concentrations in cells, D-myo-inositol-caged IP3 was microinjected and the cell was UV-irradiated. The volume illuminated by the UV laser was in the shape of a truncated cone. The laser angle was chosen to produce a beam diameter of -1 ,im at the focal point. The cells were slightly above the focus of the laser to obtain an average illuminated diameter of <2 ,um across the cell. Uncaging was always performed in the cytoplasm far from the nucleus of RBL cells unless specifically stated otherwise. The thickness of RBL cells at the periphery, where the uncaging was performed, was <2 ,um.
RESULTS
Localization of Calcium Green Dextran and NuCa-Green in Cells. To investigate nuclear Ca2+ signals, we used large molecular size fluorescent Ca2+ indicators that prevented sequestration of the dye into internal organelles and minimized facilitated calcium diffusion (17) (18) (19) . Calcium Green covalently linked to a 70-kDa dextran matrix was largely excluded from the nucleus when microinjected into RBL cells (Fig. 1A) . Examination by confocal microscopy demonstrated that Calcium Green dextran was not visible in the nucleus in >80o of cells. Therefore, a nuclear Ca2+ indicator (NuCa-Green) was synthesized by coupling a peptide derived from the nuclear localization sequence of the polyoma large tumor antigen to Calcium Green dextran. NuCa-Green was concentrated in the nucleus within 5-10 min after microinjection at 37°C (Fig. 1B) . In most cells, <10% of the NuCaGreen remained in the cytosol. However, a few injected cells had >10% of the NuCa-Green in the cytosol. NuCa-Green also localized to the nucleus of PC12 cells and to the nuclei of developing zebrafish embryos. Measurement (Fig. 2A) . Cytosolic and nuclear Ca2+ transients always coincided (n > 30). Apparent peak Ca2+ concentrations in the nucleus appeared to be higher than those in the cytosol when the indicators were calibrated (Fig. 2B) . Two interpretations are possible: (i) IP3 diffuses into the nucleus and releases Ca2+ from nuclear Ca2+ stores into the nuclear matrix. This mechanism would allow different nuclear and cytosolic Ca2+ levels. (ii) Nuclear Ca2+ arises by diffusion from the cytosol. RBL cells do not respond to caffeine or ryanodine, and increasing the intracellular Ca2+ concentration of permeabilized RBL cells does not cause release of Ca2+ from intracellular stores (J. Home and T.M., unpublished data). Therefore, actual Ca2+ levels in the nucleus and cytoplasm would have to be similar but they could appear to be different if the Kd of the Ca2+ indicators can be altered by interactions with cytosolic and nuclear components (16, 17, (30) (31) (32) (33) (34) . For this reason, we analyzed the source of nuclear Ca2+ signals by using techniques that did not depend on calibration of the indicators.
Effect of Heparin-Dextran on Cytosolic and Nuclear Ca2+ Signals. To determine whether IP3 releases Ca2+ from nuclear Ca2+ stores into the nuclear matrix, we synthesized an inhibitor of the IP3 receptor that was excluded from the nucleus. Because of its large size, heparin-dextran was greatly enriched in the cytoplasm compared to the nucleus, as shown by injection of a fluorescently marked heparindextran into RBL cells (Fig. 3A) . Most cells showed a nearly complete cytosolic localization. Hence, heparin-dextran will predominantly block IP3 receptors in the cytoplasm but not in the nucleus. Antigen-induced nuclear and cytosolic Ca2+ changes were measured in cells that had been injected with heparin-dextran. The expected Ca2+ spikes were not observed nor was an increase in cytoplasmic or nuclear Ca2+ concentrations (n = 20).
Since heparin may inhibit the production of IP3 by antigenactivated phospholipase C (35), we microinjected RBL cells with caged IP3. Nuclear and cytoplasmic Ca2+ changes were measured after release of IP3 by a series of pulses of UV radiation of increasing duration. Multiple UV pulses could be applied before the caged IP3 was consumed. The IP3 sensitivity of cytosolic and potential nuclear IP3 receptors in the absence and presence of heparin-dextran was measured ( Fig.   3 B and C) . In the absence of heparin-dextran, the Ca2+ concentration increased substantially in the nucleus and cytosol of most cells after IP3 was released by a 30-ms UV pulse (Fig. 3B) . In contrast, the same amount of IP3 did not substantially alter the Ca2+ concentration in the nucleus or cytosol of most cells loaded with heparin-dextran (Fig. 3C) . No cell showed a nuclear Ca2+ elevation without a corresponding increase in the cytoplasmic Ca2+ concentration. Because heparin competitively inhibits IP3-gated Ca2+ release (36) , the block by heparin-dextran was not always complete. In 40% of the cells loaded with heparin-dextran, the IP3 released by a 2-s UV pulse increased the Ca2+ concentration in the nucleus and the cytosol. The amount of IP3 required to overcome the inhibition produced by the cytosolic heparin-dextran was always identical in the nucleus and cytosol. delay time between nuclear and cytosolic Ca2+ transients. Nuclear and cytosolic Ca2+ responses were nearly synchronous when the [P3 concentration was rapidly increased by local release of caged IP3 (Fig. 4A) . When measurements were made at nuclear and perinuclear locations separated by -2 ,um, <200 ms elapsed between changes in the nuclear and perinuclear Ca2+ signals (n > 10) (Fig. 4B) . A schematic drawing shows the respective locations ofthe recording areas and of the UV-irradiated spot (Fig. 4C ). An increase in the cytosolic Ca2+ concentration was always followed by an increase in the nuclear Ca2+ concentration. When the cylinder of the UV beam was placed at other locations within the cell such as pseudopodia or the nucleus, the Ca+ response in the nucleus and in the perinuclear region remained rapid and nearly synchronous. When sufficient Ca2+ was released by IP3 to nearly saturate NuCa-Green (Ca2+ > 300 nM), the delay time between the fluorescence intensity changes in the nucleus and the cytosol remained the same. Since the nuclear and cytosolic Ca2+ signals follow identical kinetic patterns at all observed Ca2+ concentrations, the permeability of nuclear pores does not appear to be regulated by Ca>. In RBL cells, the access of Ca2+ signals to the nucleus is not substantially delayed by the nuclear envelope.
DISCUSSION
Two lines of evidence demonstrate that the cytosol is the source of nuclear Ca2+ signals in RBL cells. (i) Heparindextran, which was excluded from the nucleus, blocked elevations in the nuclear Ca2+ concentration as efficiently as it blocked those in the cytosol. IP3 produced in the cytosol does not open Ca2+ release channels inside the nucleus. (ii) Changes in the nuclear Ca2+ concentration followed those in the adjacent cytosol by 200 ms or less at all Ca2+ concentrations. In RBL cells, the Ca2+ concentration of the nucleus is tightly linked to that of the cytosol. We conclude that nuclear Ca>+ signals are produced by diffusion of Ca2+ into the nucleus from the cytosol. These results also suggest that free Ca2+ concentrations in the nucleus and perinuclear cytosol are nearly the same for time scales >200 ms. The cytoplasmic origin of nuclear Ca2+ ions enables nuclear Ca2+ concentrations to be tightly controlled by receptor-mediated production of IP3 or by the opening of Ca2+ channels at the plasma membrane. The fast (<200 ms) transmission of Ca2+ signals across the nuclear membrane defines the amplitude of nuclear signals as an average of the Ca2+ increases in the perinuclear region and ensures rapid activation of calmodulin and other nuclear Ca2+ binding proteins.
